ABSTRACT: Interest in graphite fillers has grown since the separation of graphene from graphite by micromechanical cleavage. The object of the paper is to understand the influence of graphene nanoplatelets (GNPs) with different sizes on the crystallization behavior of a polyolefin matrix such as polypropylene (PP), after elaboration by melt mixing and compression molding. Composites with volume fractions of graphene nanoplatelets ranging from 0.3 to 2 vol% were prepared. The particle dispersion states in the composites were characterized at different scales using Scanning and Transmission Electron Microscopies (SEM and TEM). Polypropylene crystallization and orientation were investigated using optical microscopy, Differential Scanning Calorimetry (DSC) and X-ray diffraction. This paper discusses the strong acceleration of crystallization kinetics due to the presence of GNPs. The micrometric flake-shaped GNPs act as nucleating agent and induce an epitaxial growth of alpha (α) crystalline phase of PP. The nucleating effect is related to the surface of the particles available for heterogeneous nucleation. Radial spherulitic growths are observed from the smallest micrometric particles. The coarsest GNPs, easily oriented by flow, favor PP transcrystallinity, in such a way that (010) plane of PP is parallel to (001) plane of graphene nanoplatelets.
INTRODUCTION
Since the early 2000's and the separation of graphene from graphite by micromechanical cleavage, 1 interest in this filler has grown, for its reinforcing and conductive properties. Different paths were developed in order to scale-up graphene production from graphite, avoiding deterioration of its intrinsic properties. 2, 3 One of the most promising paths consists of a ball milling delamination and centrifugation of graphene nanoplatelets, 4 themselves obtained from graphite after a sulfuric acid 2 intercalation and a thermal shock (expanded graphite). 5 We recently showed that GNPs prepared in this avenue could not be dispersed down to the expected size of a few nanoplatelets by melt mixing in polypropylene, and thus did not result in nanocomposites. 6 However, an effect of the particle size on final properties of polypropylene/graphene nanoplatelets (PP/GNPs) microcomposites was highlighted. 6 Understanding of PP crystallization behavior 7 is necessary to control final mechanical properties of composites 8 and this crystallization is modified by adding mineral [9] [10] [11] [12] or carbonaceous [13] [14] [15] [16] [17] [18] [19] [20] platelets. Generally, the addition of graphene 13, 16 or exfoliated graphite 17 increases the crystallization rate and accelerates the crystallization kinetics of PP, due to a nucleating effect. In parallel, crystal growth changes from radial to transcrystalline. 14, 15, 17, 19 If the alpha (α) crystalline phase formation is mainly favored by adding graphene particles, flow 14 or a high content of graphene 18 may induce beta (β) crystals. Zhao et al. 19 showed that the presence of graphene decreased the Avrami exponent (characterizing the crystallization kinetics of PP) down to a value close to 2, suggesting a 2D crystal growth. Finally, in the case of reduced graphene, the oxygen content on graphene layer could enhance both crystallization rate and ordered conformation of PP. 20 Besides, several studies investigated the key role of the mineral nanoplatelets size on PP crystallization. 9, 11, 12 Indeed, a small concentration of well dispersed nanoclays, like organically modified montmorillonite, 10, 11 or synthetic talc 21 had a moderate effect, while large micrometric platelets favored crystallization 9 and induced high transcristallinity. 12 The aim of the present study is to investigate the effect of particle size of graphene nanoplatelets (GNPs) on the crystallization behavior of PP matrix. In a previous paper we investigated the dispersion of three GNPs different in size in a PP matrix by melt mixing. The obtained PP/GNP composites were non-exfoliated microcomposites. 6 However they presented interesting thermal, rheological and mechanical properties close to those of thermoplastic/organoclay or reduced graphene nanocomposites. The crystallization behavior of the PP matrix of these compounds is investigated in this paper. Whereas many papers are reporting the effect of nanoscale graphene on crystallization, this paper is focused on the effect of microscale GNPs.
MATERIALS AND METHODS

Materials
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Isotactic polypropylene (PP), referenced as Moplen HP400R, was supplied by LyondellBasell (Rotterdam, the Netherlands). The density, the number and weight average molar masses, M n and M w , the glass transition temperature, T g , the melting point, T m , the crystallization temperature (measured at a cooling rate of -10°C/min), T c , and the Newtonian viscosity η 0 at 180°C are listed in Table 1 . Graphene nanoplatelets (GNPs), referenced as KNG-180, KNG-150 and KNG-G5, were commercialized by Knano (Xiamen, China). KNG-180 and KNG-150 GNPs were obtained from graphite through a thermochemical process in three steps: i) graphite was intercalated by sulfuric acid under stirring and then washed and dried, ii) then, it underwent a thermal shock and finally iii)
expanded graphite was ultrasonicated in hydroalcoholic solution. From this step, particles are considered as GNPs. 5 These two GNPs essentially differ by their size (Table 2 ). An additional ball milling process in a good solvent, followed by centrifugation, enabled to obtain thinner KNG-G5
particles from KNG-180. 4 According to the dimensions given by the supplier, graphene nanoplatelets of KNG-G5 contain a few tens of graphene sheets ( Table 2 . Bulk density, density, carbon content, particle diameter d, thickness e and specific area of GNP, data given by the supplier
Composites Elaboration
All composites were melt mixed at T = 180°C using an internal mixer (Haake Rheomix 600), in three steps: i) PP matrix was molten for t = 2 min at a rotor speed of N = 20 rpm, then ii) GNPs were incorporated for t = 8 min, due to the low GNP bulk density, at the same rotor speed, and finally iii) the samples were mixed for t = 6 min at a rotor speed of N = 100 rpm. After melt mixing, the composites were subsequently cooled down to ambient temperature and compression molded 4 during 10 min at T = 180°C in disk shape samples with a diameter of 25 mm and a thickness of 1.5 mm, using a hydraulic press. Then, the samples were cooled down to ambient temperature, using a water system with a cooling rate about 30°C/min. The samples were filled with a volume fraction of GNPs, φ vol , ranging from 0.3 to 2 vol%. The GNP volume fraction was determined using Thermogravimetric Analysis (TGA) measurements.
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Samples characterization
Samples were observed using a Transmission Electron Microscope (TEM) (Jeol JEM 1400), operating at 100 kV, equipped with a camera (Olympus MORADA SIS). The samples were prepared as ultrathin cuts of 100 nm, using an ultracryomicrotome (Leica FC6) equipped with a diamond knife, at -100°C. 
where I t , I 0 and I ∞ are respectively the instantaneous (at time t), initial and final transmitted light intensities. The crystallization half-time t 1/2 , corresponding to α(t) = 50%, was noted and crystallization kinetics were fitted by Avrami equation:
where k is the overall crystallization rate constant and n is the Avrami exponent, related to the crystal growth dimensions and the type of nucleation.
The crystalline phases of the different components were studied by wide-angle X-ray diffraction.
The crystal structure of the α phase of isotactic PP is described by the monoclinic primitive cell: a All diffractograms were obtained in reflection at χ = 0° over a 2θ range from 4° to 70° by steps of 0.08°. This characterization was also carried out on polished disks at ambient temperature, using a PANalytical X'pert Pro MPD in the same operating conditions as for pole figures. The peak areas were fitted with Pearson VII functions adapted to the crystalline phases, 23 using Origin software.
Differential scanning calorimetry (DSC) measurements were performed on 5 mg samples with a Perkin Elmer DSC 4000. Thermograms were recorded for cooling from 210°C to 25°C and then heating from 25°C to 210°C both at 10°C/min, after erasing the thermomechanical history of samples by applying a 3 min isothermal step at 210°C. The PP crystallinity ratio Χ c was defined as the crystallization enthalpy of the sample (accurate to ± 20 J/g) divided by the crystallization enthalpy of 100% crystalline PP (207 J/g). 24 Melting T m and crystallization T c temperatures (accurate to ± 1°C) were determined at the maximum of the enthalpy peaks. Figure 1 shows the number size distributions of GNPs in microcomposites with φ vol. ~ 1 vol%, measured in TEM images on at least 100 particles per sample. . This shadow is due to the conductive character of GNPs. 25 The cross-section of flake-like particles is observed by SEM after polishing. There are some interactions between beam electrons and the graphene, leading to a shadow around the flake cross-section due to the presence of graphene located behind the matrix surface. Crystallization kinetics were measured on 0.3 vol% of GNPs in order to avoid too many GNP particles in the field of observation for the sample thickness used (typically ~5 µm) and to be able to clearly observe the PP crystallization. some nucleating points (impurities, defects, …), randomly located as classically reported in the literature. 26 The crystallization kinetics of the PP matrix is slow, characterized by a crystallization half-time t 1/2 around 900 s (Figure 4 ). Nucleation seems to exhibit some sporadic-in-time character:
RESULTS AND DISCUSSION
spherulites with diameters ranging from 70 to 200 µm can be identified and curved boundaries are observed. Two types of defects are also noticed: voids at triple junctions and interspherulitic ruptures. Such defects were already described in a previous work. The influence of the crystallization temperature on the overall kinetics was investigated in This demonstrates the efficiency of heterogeneous nucleation on GNP surface, while crystallization of neat PP is considerably slowed down at high temperature. Furthermore, the differences between composites are amplified at 140°C, which underlines their specific nucleating behavior and confirms our analysis in previous paragraph. Avrami exponents n were also estimated for PP and microcomposites [ Figure 5(b) ]. For the neat PP (79 µm-thick specimens), it decreases from 2.5 to 2.1, which could reflect the trend to a two-dimensional growth with increasing spherulite size. For microcomposites (thickness 5 µm), it increases from 1.7-2.5 (at 130°C) to 2.6-3 (at 135 and 140°C).
In this complex situation (thin films containing nucleating particles), it is often difficult to interpret the values of the Avrami exponents. Theoretically, a value of 3 corresponds to instantaneous nucleation and to 3D-growth. This could be consistent with the growth of small spherulites from nucleating particles observed in Figure 3 . In addition, GNP size seems to influence the orientation of crystalline lamellae ( Figure 6 ). Indeed, transcrystalline growth 14 perpendicular to the particle surface is observed for large anisotropicshaped GNPs, as illustrated by the similar shape of the envelop of the final crystalline entities and the particle (see arrow on Figure 6 ). Conversely, the crystal growth seems to be radial for small isotropic particles (see arrow on Figure 6 ). The presence of interspherulitic ruptures can also be 12 noticed. 7 At the end of crystallization, the growth of the spherulites is hindered by the presence of their neighbors and some secondary crystallization may occur. two were highlighted during the first heat-up ramp (not presented here), characterizing two different populations of crystalline lamellae. 27 This result was probably related to the crystallization temperature T c respectively below 115°C 7 using the hydraulic press with a cooling rate close to 30°C/min, and above 115°C for a slower cooling using DSC (10°C/min). Indeed, in Figure 11 (ii) the increase of crystallization temperature during a controlled cooling, with a maximum increase ~13°C;
(iii) the decrease of spherulite diameter, the largest variation being from 70-200 µm in neat PP to 10 µm in a microcomposite.
It is observed at relatively low GNP volume fraction (0.3 vol%) and an increase of concentration does not provide any substantial improvement (at least in the studied range), which suggests a saturation phenomenon. The global crystallinity is similar in all samples.
The ranking of nucleation efficiencies has been related to the total particle surface (micrometric particles) available for heterogeneous nucleation, i.e., to the particle size. The particle size also influences the morphological patterns: radial spherulitic growth for small particles, transcrystalline growth for the coarsest.
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During processing, flow orients GNPs, which influences epitaxial PP crystallization in such a way that (010) PP planes are parallel to (001) graphene ones. The results suggest a saturation of PP crystalline orientation as soon as GNP volume fraction exceeds a low value ~0.3 vol%. Conversely, the orientation of GNPs increases with both volume fraction and thickness.
Finally, even though the crystallization property modifications of PP have only a secondary influence on mechanical properties compared to the addition of GNP themselves, it should be taken into account in the design of innovative composites. 
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